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ABSTRACT: An alkaline exchange membrane (AEM) based on

an aminated trimethyl poly(phenylene) is studied in detail. This

article reports hydroxide ion conductivity through an in situ

method that allows for a more accurate measurement. The

ionic conductivities of the membrane in bromide and carbon-

ate forms at 90 �C and 95% RH are found to be 13 and 17 mS

cm�1 respectively. When exchanged with hydroxide, conductiv-

ity improved to 86 mS cm�1 under the same experimental con-

ditions. The effect of relative humidity on water uptake and the

SAXS patterns of the AEM membranes were investigated.

SAXS analysis revealed a rigid aromatic structure of the AEM

membrane with no microphase separation. The synthesized

AEM is shown to be mechanically stable as seen from the

water uptake and SAXS studies. Diffusion NMR studies demon-

strated a steady state long-range diffusion constant, D1 of 9.8

� 10�6 cm2 s�1 after 50–100 ms. VC 2012 Wiley Periodicals, Inc.

J Polym Sci Part B: Polym Phys 000: 000–000, 2012

KEYWORDS: ionomer; polyaromatics; diffusion; SAXS; alkaline

exchangemembrane; fuel cell; anion conductivity; anion diffusion

INTRODUCTION In recent years, alkaline exchange membrane
(AEM) fuel cells are receiving enormous attention due to their
potential advantages over proton exchange membrane (PEM)
fuel cells such as improved electrode reaction kinetics, the pos-
sibility of the use of nonprecious metal catalysts, and advan-
tages in the operation of a direct methanol fuel cell in terms of
the direction of electroosmotic drag.1,2 The AEM at the heart of
these fuel cells have received considerable attention due to the
challenge in developing a mechanically robust thin film with a
stable cation that conducts anions with adequate conductivity
for practical applications.3–5 Several review articles on these
issues, and the challenges of using various polymers, have
appeared in the recent literature.6,7 Among the challenges,
understanding the transport of anions, water, and the fuel
through AEMs is important with relevance to the overall cell
performance.8–13 The degree of phase separation and mor-
phology are known to play key roles in determining measura-
ble properties such as ion conductivity, and diffusion coeffi-
cients within all types of ion exchange membranes.14

One attractive solution to the problem of obtaining an AEM for
fuel cell applications are functionalized polyphenylenes. Ther-
mally and chemically robust, high molecular weight sulfonated

poly(phenylene) ionomers prepared by a Diels-Alder reaction
and with high proton conductivity have been demonstrated
for PEM fuel cells.15–17 Based on the previous success with
these materials, an AEM based on the same poly(phenylene)
backbone and with benzyltrimethylammonium cationic
groups was also prepared.18,19 The AEMs based on these ami-
nated trimethyl poly(phenylene) (ATMPP) homopolymers and
copolymers were characterized by conductivity and water
uptake. It was demonstrated that ATMPPs have good stability
in NaOH, a hydroxide ion conductivity of 51 mS cm�1 at 30 �C,
measured in ambient air, and liquid water uptake up to 122%
for the ATMPP polymer with an IEC of 1.57 meq g�1.

Intrigued by the possibilities of the ATMPP membranes we
decided to characterize these materials further in detail to
understand fully their high anionic conductivities. One of the
inherent difficulties with studying AEMs is that in their hy-
droxide form they rapidly react with ambient CO2 to form
carbonate and bicarbonate.20 So not only must the relative
humidity (RH), and temperature be controlled, but also CO2

must be excluded or added in order for transport measure-
ments to be interpretable and attributable to a specific
anion. Here, we describe the use of an in situ hydroxide ion

VC 2012 Wiley Periodicals, Inc.
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exchange conductivity cell that allows us to exchange hy-
droxide ions in an inert atmosphere, resulting in more accu-
rate hydroxide ion conductivity measurements. We also
describe a method for measuring IEC by 1HNMR, which gives
results that are much more closely aligned with the pre-
dicted values than those previously reported. The transport
data is further correlated with diffusion measurements from
pulse field gradient spin echo (PFGSE) NMR, water swelling
from dynamic vapor sorption (DVS), and morphological
information from SAXS.

EXPERIMENTAL

Materials
ATMPPs were fabricated by a procedure previously
reported.18,19

Ion Exchange Capacity
Ion exchange capacity (IEC) was measured using a back
titration technique that has been previously described.21 IEC
was also measured by 1HNMR spectroscopy of �5% solu-
tions of ATMPP in DMF-d7 at 100 �C. An explanation of the
peak assignments follows in the discussion. A Bruker AVAN-
CEIII NMR spectrometer operating at a 1H frequency of 500
MHz was used for these measurements.

Dynamic Vapor Sorption
A DVS-advantage instrument from Surface Measurement Sys-
tems (NA) was used to study water uptake of membranes. In
a DVS study, measurement of water vapor uptake and loss of
vapor by the membrane is examined gravimetrically. First,
the membrane is dried for 60 min at 60 �C and 0% RH to
obtain the dry mass. Following this, RH is increased gradu-
ally in four steps to reach a maximum of 90% RH. At each
step, the membrane was allowed to equilibrate at a particu-
lar RH for 60 min.

Small Angle X-ray Scattering
Small angle X-ray scattering (SAXS) measurements were
taken on beamline 12 ID-B at the Advanced Photon Source
located at Argonne National Laboratory, Argonne, IL. The
beam energy was 12 keV and the sample to detector dis-
tance was 2000 mm. The 2D scatter was radially integrated
providing plots of intensity versus the scattering vector q.
The intensity units are arbitrary. The incoming X-ray wave-
length (k) was 1 6 0.05 Å for all samples. Scattering was
collected in a q range of 0.006–0.7 Å�1 at an exposure time
of 1 s. The measurements were taken in a custom built
humidity oven at 60�C from wet to dry conditions (95, 75,
50, and 25% RH).22 The Membrane in bromide form was
exchanged to carbonate form by soaking in sodium carbon-
ate solution.

Conductivity
To measure hydroxide ion conductivity in the absence of car-
bon dioxide, a BekkTech conductivity cell was modified by
having the fuel cell hardware replaced with stainless steel
endplates (Fig. 1). The films were soaked in 1 M NaOH solu-
tion followed by rinsing with degassed deionized water until
the rinsed water had a neutral pH. The system was purged
with UHP N2 each time the cell was emptied. A check valve
on the vent and positive pressure on the cell from the UHP
N2 ensured that no outside gas was allowed into the cell
across the duration of the conductivity test. Conductivity
was measured once the membrane is converted to hydroxide
form after thorough rinsing in D.I. water. Bromide ion con-
ductivity was also measured in a Bekktech conductivity cell.
However, the carbonate ion conductivity is measured by an
ex situ method in which a Test Equity environmental cham-
ber is employed to control the temperature and RH. Conduc-
tivities were measured using AC impendence spectroscopy

FIGURE 1 A diagram of a modified Bekktech conductivity cell for hydroxide conductivity measurement (WE, Working electrode;

WSE, Working sense electrode; RE, Reference electrode; CE, Counter electrode).
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via a four-electrode conductivity cell across varying tempera-
ture and humidity. Conductivity, r, was calculated using the
equation, r ¼ l

R�t�w, where l is the distance between the elec-
trodes, t and w are the thickness and width of the mem-
brane, respectively, and R is the resistance from impedance
spectra.

PFGSE NMR
A Bruker AVANCEIII NMR spectrometer and a wide bore
Magnex Magnet operating at a 1H frequency of 400 MHz
were used. Proton diffusion measurements were made using
a 5 mm Bruker single-axis DIFF60L Z-diffusion probe. A
pulsed field gradient stimulated echo (PFGSTE) block was
used to encode diffusive displacements and a longitudinal
eddy delay before the acquisition was applied until the
effects of the eddy currents have dissipated (Fig. 2).23,24 The
90� pulse length was on the order of 5.0 ms. Typical parame-
ters at 25 �C were Gz ¼ 0 � 128 G cm�1, incremented in 16
steps, d ¼ 1 ms, D ¼ 10 � 100 ms, and eddy current delay
(te) of 4 ms following the gradient pulses.

In practice, E(g,2s) is measured as a function of g and fit to
the expression:25

Eðg;2sÞ ¼ Eð0;2sÞ exp �c2Dg2d2 D� d
3

� �� �� �
(1)

where c is the gyromagnetic ratio of the proton (or the dif-
fusing species being measured), D is the diffusion coefficient,
g is the gradient constant, d is the gradient pulse duration,
and D is the time between gradient pulses. The preexponen-
tial factor E(0,2s) is proportional to the number of proton
nuclei diffusing with diffusion coefficient D. The effective
spin observation time between gradient pulses (Deff ¼ D �
d/3) takes into account the time loss of spin behavior due to
the duration of the gradient pulse.

RESULTS AND DISCUSSION

To describe fully, the physical chemistry of these materials
we first had to resolve some previously unresolved issues. In
work previously describing ATMPP, it was noted that the

IEC, which was measured using a back titration method, was
always significantly lower than the theoretical IEC predicted
from the number of functional groups on the parent polymer
(as determined by 1HNMR spectroscopy).18 Typically, the ti-
tration-measured IECs were 55–75% of the theoretical IEC.
It was speculated that this difference was because some of
the functional groups in the parent polymer were not con-
verted to benzyl trimethylammonium (BTMA) groups. More
recently, we have been able to measure the IEC of ATMPP by
1HNMR at an elevated temperature, which allows for precise
integration of the requisite peaks. Figure 3 shows the
1HNMR spectra of ATMPP in DMF-d7 at 25 and 100 �C and it
is clear that at the higher temperature, overlap of the large
water peak with peak c (NACH3) is avoided. All the peaks of
interest in Figure 3(a–c) appear as groups of peaks because
of the irregularity of the polymer backbone and because of
the random distribution of BTMA groups on each repeat
unit. To calculate the IEC, the area ratio of peak c to peak b
(ArACH2AN) is first confirmed to be 9:2. Then the relative
areas of a (ArACH3) and c are used to calculate the average
number of BTMA groups per repeat unit, the average for-
mula weight of each repeat unit, and finally the IEC. Table 1
lists the results for several different batches of ATMPP and it
is clear that the NMR-measured IECs are in very good agree-
ment with the theoretical IECs. Thus, it appears that all of
the functional groups in the parent polymer are converted to
BTMAs during the quaternization step. The titration-meas-
ured IECs must be low because of a systemic error during
the titration itself; possibly incomplete ion exchange,

FIGURE 3 1HNMR spectra of ATMPP at 25 �C and 100 �C.

FIGURE 2 A nine interval stimulated echo pulse sequence

employed to measure time-dependent self-diffusion on diffu-

sion time, Deff, from 10 to 100 ms.

TABLE 1 IEC Values for Several ATMPP Samples

IEC (meq g�1) (OH� form)

Theoretical Titration NMR

ATMPP1 1.91 1.47 1.89

ATMPP2 2.10 1.58 2.05

ATMPP3 2.18 1.75 2.11

ATMPP4 2.40 1.81 2.43

ATMPP5 2.65 1.97 2.67
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incomplete drying, or removal of water-soluble high IEC
oligomers. Alternatively, as we have considerable experience
of this technique some of the cationic groups are not accessi-
ble to facile exchange due to the unique nature of the poly-
mer. Because of this uncertainty, all reported IECs for ATMPP
samples used in this study were determined using the NMR
method.

The IEC of the membranes can influence the water uptake,
swelling behavior, and conductivity. The Water uptake of
AEMs can have a significant effect on the anionic conductiv-
ity and the films mechanical properties. For practical opera-
tion, it would be desirable to have enough water molecules
that facilitate hydroxide ion transport and stability, but, not
an excess amount of water that would reduce the mechanical
strength of the membranes and lead to excessive swelling.
Water vapor uptake of the membranes was measured by
DVS. A typical water sorption isotherm measured at 60 �C is
shown in Figure 4. The trace shows that equilibrium was
reached at all RHs except the higher one, and even here the
rate of water uptake is close to zero at the end of the step.
The sorption profile traces the uptake when the humidity
was increased from 0 to 95% RH. The desorption profile
from 95% RH down to 0% RH measures the loss of vapor
during each change in % RH.

Water uptake at a specific % RH is calculated from eq 2,

WateruptakeRH% ¼ mw �md

md
� 100 (2)

where mw refers to the equilibrium mass at a specific %RH
and md is the dry mass of the membrane.

The water content, kRH, the number of water molecules at a
specific RH is calculated from eq 3,

kRH ¼ WateruptakeRH
IEC �MWwater

(3)

where, MWwater is the molecular weight of water ¼ 18
g mol�1.

The second cycle in Figure 4 shows a loss in water uptake of
�5% when compared with first cycle. This could be due to
partial decomposition of quaternary ammonium group in the
membrane during the drying part of the cycle, or simply that
the membrane irreversibly loses water when subjected to
multiple drying cycles. A comparison of the IR spectra of the
film before and after the DVS measurement showed no
obvious changes.

Water uptake and water content of membranes with two IEC
values as a function of relative RH at 60 �C are shown in Fig-
ures 5(a, b), respectively, after 1 h of equilibration at each
%RH. The water uptake of both membranes is similar,
increasing as the RH is increased. Water uptake in these
membranes is significantly lower than the sulfonated ana-
logues. A sulfonated polyphenylene analogue (2 meq g�1)
was found to exhibit 137% liquid water uptake that corre-
sponds to 30 water molecules.15 While liquid water uptake
is always greater than water vapor uptake,26 the difference
in the water uptake can be attributed to the lower solubility
of the cationic functional groups as well as the fact that hy-
droxide is generally coordinated by 3–4 waters only.27 This
indicates a low swelling and good dimensional stability of
the ATMPP membranes. The water content of the mem-
branes, derived from the water uptake and IEC of the mem-
branes, shows an increasing trend with RH. Water uptake of
6.6 and 27.2% for the low IEC membrane (2.43 meq g�1)
correspond to 1.5 and 6.2 water molecules per ATMPP unit.

FIGURE 4 DVS profile for ATMPP4 membrane as a function of

RH at 60 �C, circles: mass, solid line: set %RH, and dotted line:

measured %RH.

FIGURE 5 (a) Water uptake and (b) Water content of the

ATMPP4 (~) and ATMPP5 (n) derived from DVS measurements

at an equilibration time of 1 h at each % RH.
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A slight increase in the IEC of the membrane (2.67 meq g�1)
increases the number of water molecules slightly, resulting
in 1.4 and 6.0 per ATMPP unit. At the upper end the films,
therefore, contain two excess water molecules.

SAXS was measured on the films for shorter equilibration
times, due to scheduling a large number of samples during
our beam time. The water uptake of the membranes in bro-
mide forms after only 20 min (SAXS equilibration time) is
shown in Figure 6(a, b). Unlike in the 1 h water uptake
study above, in this experiment, the RH was reduced from a
fully hydrated state to 25% RH. Water uptake and the corre-
sponding water content of low IEC membrane are slightly
greater than the high IEC membrane. We could not measure
water uptake at 95% RH for ATMPP4 as the membrane did
not achieve an equilibrium mass within the short time
frame.

The SAXS patterns of the ATMPP4 membrane in bromide
form as a function of RH at 60 �C is shown in Figure 7. The
peak around 0.4 Å corresponds to the KaptonTM windows in
the oven. The SAXS data for the membrane showed no scat-
tering peaks, thus making it difficult to understand the
microdomain structure. The ATMPP ionomer is composed of
the poly (phenylene) aromatic backbone and BTMA ionic
groups (Fig. 8). No scattering peak was observed for the
ATMPP4 ionomer from 25 to 75% RH indicating almost no

microphase separation in the polymer. Under fully hydrated
condition, at 95% RH, the membrane swells to show a peak
at q value of �0.124 Å�1, corresponding to 50 Å d-spacing,
which can be assigned to the swollen hydrophilic ionomer.
This is larger than the hydrated sulfonated analogue, which
showed a peak upon hydration with a dimension of 32 Å.28

At low q range (0.007–0.017 Å�1) an upturn in intensity is
observed, which has been attributed to the presence of
microvoids or heterogeneous distribution of clusters.29,30

SANS study of sulfonated polyphenylene showed a similar
high intensity scattering for both dry and hydrated mem-
branes due to the large domains.28 In the low angle region,
between 0.07 and 0.017 Å�1

, membranes were found to ex-
hibit power law decay, I(q) ¼ q�a, with a slope of �3.4 at all
conditions. Whereas, at the intermediate q region, between
0.018 and 0.035 Å�1, 95% RH membrane has a slope (�1.7)
different from all other membranes (�2.3), suggesting a
structural rearrangement from randomly branched polymer
to a linear swollen polymer upon full hydration.31,32 The
crossover of slopes from low angle to intermediate region
occurs at q ¼ 0.02 Å�1, which corresponds to a d-spacing of
314 Å. In a similar SANS study of the sulfonated analogue of
the polymer, crossover point is referred as the molecular
dimensions.28

FIGURE 6 (a) Water uptake and (b) Water content of the

ATMPP4 (^) and ATMPP5 2.67 (n) derived from DVS measure-

ments at an equilibration time of 20 min at each % RH.

FIGURE 7 SAXS patterns of the ATMPP4-Br
� at 60 �C as a

function of RH (~–95% RH; !–75% RH; ~–50% RH; l–25% RH;

*–Kapton peak).

FIGURE 8 Structure of ATMPP.
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ATMPP4 in carbonate form too exhibit different slope values
as a function of RH (Fig. 9). All membranes show an upturn
in intensity at low intermediate q region between 0.007 and
0.017 Å�1, with different slopes as described in Table 2.
Slopes were seen to change as a function of RH in the inter-
mediate region, 0.016 � 0.021 Å�1 as well (Table 2). The
swelling in the pattern at high q region, 0.036 � 0.225 Å�1

for the 95% RH membrane is due to the water present in
the free volume upon full hydration.

SAXS measurements reveal no change in the microstructure
due to the rigid aromatic backbone of the ATMPP. However,
the change in RH has a small effect on the structure as evi-
dent from the change in slopes at different q regions. Overall,
the lack of swelling in these films is unsurprising as the DVS
measurement suggests that only enough water to coordinate
the anion has entered the material.

Figure 10 exhibits the Br�, OH�, and CO3
2� ion conductiv-

ities of the ATMPP4 at 95% RH as a function of temperature.
As expected, the conductivity increased over the temperature
range tested for all forms of the membrane. When the bro-
mide ion of the membrane is exchanged with hydroxide ion,
the conductivity increased rapidly. At 50 �C, the OH� form
showed four times high conductivity when compared to the
Br� form. At 90 �C, the hydroxide ion showed highest con-
ductivity of 86 mS cm�1, �6.6 times higher than that of bro-
mide form. This value is lower than the proton conductivity

of sulfonated polyphenylene membrane, 123 mS cm�1.15

This response could be due to the variation in the structure
as well as the mobility of OH� and Hþ ions in the aminated
and sulfonated polyphenylenes, respectively. The carbonate
ion conductivity is significantly lower than the hydroxide ion
as expected. Still, the conductivity at 90 �C is 1.28 times
higher than bromide ion. Assuming, Arrhenius behavior, acti-
vation energies of the membranes are calculated from the
equation, Ea ¼ �slope � R, where R is the gas constant. Acti-
vation energies are 29.09, 23.45, and 11.02 kJ mol�1 for the
carbonate, hydroxide, and bromide forms of the membrane,
respectively, at 95% RH. This value for hydroxide and car-
bonate ion conduction is higher than the lowest activation
energies for hydroxyl in AEMs, 15.1 kJ mol�1 reported by
Varcoe10 at 100% RH. Interestingly, the Ea for bromide con-
ductivity is much lower.

PFGSE proton diffusion measurements were used to deter-
mine the water self-diffusion coefficients (D) in the hydrox-
ide form of the ATMPP. Variable time delay (D) between
gradient pulses of the PFGSE sequence can be used to
determine the effects of tortuous diffusion through ionomer
membranes on the measured diffusion coefficient.33 The
relationship between apparent diffusion time (D) and spin
migration by root mean square displacement (r) for fluid
molecules exhibiting unrestricted diffusion undergoing ran-
dom Brownian motion is shown by the following relation-
ship:34

r ¼ 2DDð Þ0:5 (4)

The unrestricted bulk diffusion coefficient (D0) of water in
the membrane is measured with very short time delays
between the gradient pulses and thus the spin migration (r)
of the diffusing species is smaller than the dimensional re-
gime of the restricting geometry. For short time scales, D ¼
D0. In the case of restricted diffusion in a membrane, as D
increases, the root mean square displacement increases until
the geometric confinement of the heterogeneous media
restricts the displacement of spin migration. Once restriction

FIGURE 9 SAXS patterns of the ATMPP4-CO3
2� at 60 �C as a

function of RH (~–95% RH; !–75% RH; l–50% RH; ~–25% RH;

*–Kapton peak).

TABLE 2 SAXS Slope Values Derived from Power Law

Membrane % RH Low q region

Intermediate

q region

ATMPP4-Br 95 �3.4 �1.7

75 �3.4 �2.3

50 �3.4 �2.3

25 �3.4 �2.3

ATMPP4-CO3 95 �3.1 Not linear

75 �3.3 �3.0

50 Not linear �3.2

25 �3.5 �2.6

FIGURE 10 Conductivity of ATMPP4 membrane in its bromide

(n), carbonate (~), and hydroxide (l) forms as a function of

temperature at 95% RH.

FULL PAPER WWW.POLYMERPHYSICS.ORG
JOURNAL OF

POLYMER SCIENCE

6 JOURNAL OF POLYMER SCIENCE: PART B: POLYMER PHYSICS 2012, 000, 000–000



takes place, the diffusion coefficient decreases with increas-
ing D. The root mean square displacement (r) no longer
exhibits a linear relationship with the diffusion coefficient.
For example, within a spherical pore, the apparent diffusion
coefficient (Dap) becomes time dependent as the diffusing
species interacts with the pore wall.35,36 At very long diffu-
sion times, the full effect of tortuous diffusion in the mem-
brane causes the diffusion constant to reach an average
steady state (D1).37,38

Very little evidence of tortuous diffusion was found in the
ATMPP-OH membrane at room temperature. By varying the
time between gradient pulses (D) in the pulse sequence,
the linear dimension of the diffusing particle was probed.
The diffusion time (D) was varied from 10 to 100 ms to
probe various diffusion length scales in an effort to look for
any morphological barriers that may result in tortuous diffu-
sion behavior. For very short diffusion times, the resulting
diffusion coefficient is time dependent with maximum mean
square displacement of the diffusing species less than the
confined restricting volume.34 We did not observe this
behavior with the short D values we tested, so the actual
value of D0 must lie in an observation range <10 ms. We
were unable to measure diffusion values for observation
times <10 ms, but, we can extrapolate our data for short ob-
servation times on a plot of D versus (Deff)

0.5 (Fig. 11) using
the Mitra equation to predict the value for D0:

34–39
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where S/V is the surface to volume ratio of pore space. In
the ATMPP-OH membrane, the Do value extrapolates to a y-
intercept value of 1.1 � 10�5 cm2 s�1. At diffusion times
between 10 and 50 ms, the echo attenuation and the echo
amplitude depends more on the confining geometry deter-
mined by morphological barriers than on diffusion time
(D ¼ Dap). Therefore, Dap values range between 1.1 � 10�5

cm2 s�1 and 9.9 � 10�6 cm2 s�1. The time dependent
decrease in diffusion constants over this range is an indica-

tion of tortuous diffusion, yet it is evident that the degree of
restriction is very limited due to the minor difference in dif-
fusion constant values over this range before we observe a
steady state value. At diffusion times between 50 and 100
ms, a steady state value for D1 of 9.8 � 10�6 cm2 s�1 is
reached.

CONCLUSIONS

In this study, aromatic anion exchange membranes based on
aminated poly(phenylene) homopolymers were synthesized
and investigated in both bromide and hydroxide forms. Low
water uptake and water content values calculated from DVS
studies revealed good mechanical stability of the membranes.
These values were observed to decrease when the experi-
ments were carried out in a short time to match the SAXS
experimental time duration. From SAXS, the polymer exhib-
ited structural rearrangement between low and intermediate
q regions, when the membranes were subjected to different
RH. However, there was no specific feature observed due to
the ionomer, indicating poor microphase separation. This can
be attributed to the rigid aromatic backbone of the polymer.
To avoid exchange of hydroxide ions to carbonate or bicar-
bonate ions when exposed to air, we have performed in-situ
hydroxide ion conductivity measurement. The OH� conduc-
tivity of the membrane was 86 mS cm�1, which is 6.6 times
higher than its bromide form. We have also described a
method for determining IEC by NMR, which indicates that
the formation of BTMA cations during the synthesis of
ATMPP in nearly quantitative, contrary to our prior report.
This ATMPP membrane with a low water content and high
conductivity demonstrates a promising AEM for alkaline fuel
cells applications.
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